Aims/hypothesis IRS-1 serine phosphorylation is often elevated in insulin resistance models, but confirmation in vivo in humans is lacking. We therefore analysed IRS-1 phosphorylation in human muscle in vivo. Methods We used HPLC-electrospray ionisation (ESI)-MS/MS to quantify IRS-1 phosphorylation basally and after insulin infusion in vastus lateralis muscle from lean healthy, obese non-diabetic and type 2 diabetic volunteers. Results Basal Ser323 phosphorylation was increased in type 2 diabetic patients (2.1±0.43, p≤0.05, fold change vs lean controls). Thr495 phosphorylation was decreased in type 2 diabetic patients (p≤0.05). Insulin increased IRS-1 phosphorylation at Ser527 (1.4±0.17, p≤0.01, fold change, 60 min after insulin infusion vs basal) and Ser531 (1.3±0.16, p≤0.01, fold change, 60 min after insulin infusion vs basal) in the lean controls and suppressed phosphorylation at Ser348 (0.56±0.11, p≤0.01, fold change, 240 min after insulin infusion vs basal), Thr446 (0.64±0.16, p≤0.05, fold change, 60 min after insulin infusion vs basal), Ser1100 (0.77±0.22, p≤0.05, fold change, 240 min after insulin infusion vs basal) and Ser1142 (1.3±0.2, p≤0.05, fold change, 60 min after insulin infusion vs basal). Conclusions/interpretation We conclude that, unlike some aspects of insulin signalling, the ability of insulin to increase or suppress certain IRS-1 phosphorylation sites is intact in insulin resistance. However, some IRS-1 phosphorylation sites do not respond to insulin, whereas other Ser/Thr phosphorylation sites are either increased or decreased in insulin resistance.
Introduction
Insulin-stimulated tyrosine phosphorylation of IRS-1 by the insulin receptor (IR) results in intracellular transduction of the insulin signal, whereas serine/threonine phosphorylation modulates the function of tyrosine-phosphorylated IRS-1 in either a positive or negative manner [1] . Phosphorylation of IRS-1 is increased at select serine residues in models of insulin resistance and type 2 diabetes [2] . Elevated Ser/Thr IRS-1 phosphorylation may inhibit insulin signalling by (1) downregulating IRS-1 protein levels through ubiquitination [3] [4] [5] [6] [7] , (2) inhibiting the interaction between the tyrosinephosphorylated IR and the phosphotyrosine binding (PTB) domain of IRS-1 [8] [9] [10] [11] [12] [13] [14] , or (3) interfering with the insulinstimulated interaction between IRS-1 and its downstream partner, the phosphatidylinositol 3-kinase (PI3-K) adaptor molecule p85 [10, 15, 16] .
Although insulin stimulates an increase in Tyr phosphorylation of IRS-1, Ser/Thr phosphorylation of IRS-1 can be increased, suppressed or remain unchanged upon insulin stimulation. Ser/Thr phosphorylation of IRS-1 can positively regulate IRS-1 [17] , although the majority of IRS-1 Ser/Thr phosphorylation has generally been regarded as a negative regulator of IRS-1 function [1] . Paradoxically, many of the proposed inhibitory human IRS-1 phosphorylation sites, such as Ser312 (equivalent to murine/rat Ser307), Ser616 (murine/rat Ser612) and Ser636 (murine/rat Ser632) can undergo acute insulin stimulation simultaneously with IRS-1 Tyr phosphorylation [18, 19] . Recently, Ser307Ala knock-in mice were found to be insulin resistant [20] , suggesting that Ser307 phosphorylation may be important for insulinstimulated IRS-1 function, despite previous reports that phosphorylation at this site inhibits IRS-1 association with the IR [21] . These complex and seemingly contradictory findings provide a compelling rationale for a more comprehensive understanding of IRS-1 phosphorylation in insulin resistance in vivo in humans.
To study IRS-1 Ser/Thr phosphorylation in vivo in human muscle, we devised a MS approach to simultaneously quantify the effect of insulin on multiple IRS-1 phosphorylation sites [22, 23] . In the current study, we have assessed differences in IRS-1 phosphorylation in vastus lateralis muscle among lean healthy, obese non-diabetic and type 2 diabetic human participants basally and during a euglycaemic, hyperinsulinaemic clamp. To assess the time course of the ability of insulin to change IRS-1 phosphorylation, we performed biopsies at 60 min of insulin infusion to determine the acute, more physiological effects, and after 4 h of insulin in order to determine the more chronic effects of hyperinsulinaemia.
Methods

Materials
The following suppliers were used: sequencinggrade trypsin and protein A sepharose (Sigma, St Louis, MO, USA); C18 ZipTip (Millipore, Billerica, MA, USA); antibody to IRS-1 (Upstate/Millipore, Billerica, MA, USA).
Participants Eight lean, healthy individuals without a family history of type 2 diabetes, eight obese insulinresistant individuals with normal glucose tolerance, and eight individuals with type 2 diabetes took part in the study. None of the participants had any significant medical problems (other than diabetes), and their weight had been stable for at least 3 months before the study. None engaged in any heavy exercise, and they were instructed not to engage in vigorous exercise for at least 3 days before the study. Patients with diabetes were treated by diet alone, sulfonylureas or insulin. Sulfonylureas were withdrawn 2 days before, and insulin was withdrawn the night before the study. The purpose, nature and potential risks of the study were explained to all participants, and written consent was obtained before their participation. The protocol was approved by the institutional review boards of Arizona State University and the Carl T. Hayden VA Medical Center. All participants received a 75 g oral glucose tolerance test on a separate day to assess glucose tolerance.
Euglycaemic clamp with muscle biopsies A euglycaemic, hyperinsulinaemic clamp was used to assess insulin sensitivity and expose skeletal muscle to insulin in vivo, as previously described [22, 24, 25] . On the day of study, participants reported to the Clinical Research Unit at Arizona State University or Carl T. Hayden VA Medical Center following an overnight fast. At 07:00 hours (−120 min), a catheter was placed in an antecubital vein and maintained throughout the study for infusions of insulin and glucose. A second catheter was placed in a retrograde manner into a vein on the back of the hand, which was then placed in a heated box (60°C). Baseline arterialised venous blood samples for determination of plasma glucose and insulin concentrations were drawn. At 08:00 hours (time −60 min), after a 60 min rest, a percutaneous needle biopsy of the vastus lateralis muscle was performed under local anaesthesia [24] . After a tracer ( [6, H]glucose) equilibration period (0.04 mg kg/min, 120 min), at 09:00 hours (0 min), a primed, continuous infusion of human regular insulin (Novolin; Novo Nordisk Pharmaceuticals, Princeton, NJ, USA) was started at a rate of 80 mU m −2 min −1 and continued for 240 min. Arterialised blood samples were collected every 5 min for plasma glucose determination, and a 20% glucose infusion was adjusted to maintain the plasma glucose concentration at each participant's fasting plasma glucose level. Glucose turnover rates were determined using either [ Selective ion monitoring was used to determine glucose tracer enrichments using fragments ions with m/z 200 and 202, as previously described [26] . [6- 3 H]Glucosebased determination of glucose appearance and disposal rates was performed as previously described [27] . Hepatic glucose production and glucose disposal were calculated using steady-state equations [28] . At time 10:00 hours (+60 min after the start of insulin infusion), a second percutaneous muscle biopsy sample was obtained from the contralateral vastus lateralis muscle, and a third percutaneous muscle biopsy sample was subsequently obtained at 13:00 hours (+240 min after the start of insulin infusion) distal to the primary vastus lateralis muscle biopsy site.
Analytical determinations Plasma glucose was measured by the glucose oxidase method (Beckman Instruments, Fullerton, CA, USA). Plasma insulin concentration was measured by ELISA (Alpco Diagnostics, Salem, NH, USA).
Muscle biopsy processing Approximately 60-130 mg frozen muscle biopsy samples were homogenised on ice using a Brinkman Homogenizer (Model PT 10/35) in detergentcontaining lysis buffer A (50 mmol/l Hepes, pH 7.6, 150 mmol/l NaCl, 20 mmol/l NaPO 4 , 20 mmol/l β-glycerophosphate, 10 mmol/l NaF, 2 mmol/l sodium vanadate, 2 mmol/l EDTA, 1% Triton, 10% glycerol, 2 mmol/l phenylmethylsulfonyl fluoride (PMSF), 1 mmol/l MgCl 2 , 1 mmol/l CaCl 2 , 10 μg/ml leupeptin, 10 μg/ml aprotinin) at a 100 μl/10 mg ratio. Biopsy specimens were homogenised until no visible muscle remained (∼3×10 s pulses). Muscle lysates were then incubated on ice for 20 min followed by centrifugation at 4°C for 20 min at 14× 1,000 rpm. Protein concentrations in the supernatant fractions were determined by the method of Lowry et al. [29] .
Immunoprecipitation, one-dimensional SDS-PAGE, and in-gel digestion IRS-1 was immunoprecipitated from ∼6-13 mg muscle lysate (protein concentration averaged ∼10 μg/μl) using 2 μg antibody to IRS-1 (catalogue no. 06-248; Upstate/Millipore) coupled to 25 μl Protein A Sepharose beads (catalogue no. P3391; Sigma) overnight at 4°C with gentle rotation. The immunoprecipitates were spun down and washed four times in 1 ml PBS solution. The remaining PBS solution was removed, the immunoprecipitates were boiled in 15 μl sample loading buffer, and the proteins were resolved by 10% SDS-PAGE. The in-gel digestions were performed exactly as previously described [23] .
Mass spectrometry High-performance liquid chromatography/electrospray ionisation/tandem mass spectrometry (HPLC-ESI-MS/MS) was performed on a Thermo Finnigan (San Jose, CA, USA) linear trap quadrupole/Fourier transform ion cyclotron resonance (LTQ-FTICR) fitted with a PicoView nanospray source (New Objective, Woburn, MA, USA). On-line HPLC was performed using a Michrom BioResources Paradigm MS4 micro two-dimensional HPLC column (Alburn, CA, USA) with a PicoFrit column (New Objective; 75 μm internal diameter; packed with ProteoPepTM II C18 material, 30 nm; mobile phase, linear gradient of 2-27% acetonitrile (ACN) in 0.1% formic acid in 65 min, a hold of 5 min at 27% ACN, followed by a step to 50% ACN, hold 5 min and then a step to 80%; flow rate, 400 nl/min).
A 'top-10' data-dependent MS/MS analysis was performed (acquisition of a full scan spectrum followed by collision-induced dissociation (CID) mass spectra of the ten most abundant ions in the survey scan) to identify IRS-1 peptides and to obtain their HPLC retention times. For quantification, the following multisegment strategy was used: one survey scan, followed by one parent-list CID scan and six targeted CID scans. Included in the parent list were the 2+ or 3+ charge states of seven representative IRS-1 peptides selected from the prominent ions reproducibly observed in the top-10 data-dependent tandem-MS analysis. These peptides were used as internal standards for IRS-1 protein content (electronic supplementary material [ESM] Table 1 ). They were selected according to the following criteria: (1) detected by HPLC-ESI-MS with high intensity among IRS-1 peptides; (2) no missed cleavage observed; (3) no methionine in the sequence to avoid variability due to methionine oxidisation and no N-terminal Gln residues. The 2+ or 3+ ions of the phosphopeptides of interest were placed on the target list. In order to assess the relative quantities of a large number of phosphopeptides in each experiment and yet still maintain acceptable mass analysis cycle times, we grouped the targeted m/z values into segments on the basis of their expected HPLC retention times with a minimum 10 min retention time window for each peptide.
Tandem mass spectra were extracted from Xcalibur 'RAW' files, and charge states were assigned using the Extract_MSN script that is a component of Xcalibur 2.0 SR2 (Thermo Fisher, San Jose, CA, USA). The fragment mass spectra were then searched against the human SwissProt_v52.2 database (16,135 entries) using Mascot (Matrix Science, London, UK; version 2.1). The search variables that were used were: 5 ppm mass tolerance for precursor ion masses and 0.5 Da for product ion masses; digestion with trypsin; a maximum of two missed tryptic cleavages; variable modifications of oxidation of methionine and phosphorylation of serine, threonine and tyrosine. Crosscorrelation of Mascot search results with X! Tandem was accomplished with Scaffold (version Scaffold-01_06_19; Proteome Software, Portland, OR, USA). Probability assessment of peptide assignments and protein identifications were made through the use of Scaffold. Only peptides with ≥95% probability were considered. Assignments of the phosphopeptides were confirmed by manual comparison of the tandem mass spectra with the predicted fragmentation generated in silico by the MS-Product component of Protein Prospector (http://prospector.ucsf.edu).
Peak areas for each peptide were obtained by integration of the appropriate reconstructed ion chromatograms with 5 ppm error tolerance for precursor ion masses acquired using the FTICR and 0.5 D for the fragment ions acquired using the LTQ mass analyser (see Table 2 ). The reconstructed ion chromatograms allow one to express the intensity (abundance) of ions relative to HPLC retention times in chromatogram form, analogously to analysis of UV absorbance during an HPLC run. The peak areas (using MS2/MS3 fragment ions) for the phosphopeptides were then normalised against the average peak area (using precursor ions) for the seven representative IRS-1 peptides (endogenous standards). Relative quantification of each phosphopeptide was obtained by comparing normalised peak/area ratios for control and insulin-treated samples.
Statistical analysis Statistical significance was assessed by comparing basal and insulin-stimulated phosphopeptide intensities (normalised to IRS-1 peptides as described above) using analysis of variance with post hoc t tests. Differences were considered statistically significant at p≤0.05.
Results
Subject characteristics and insulin-stimulated glucose metabolism Three groups (n=8 each) were studied; lean, healthy controls, obese non-diabetic volunteers, and participants with type 2 diabetes. Obese non-diabetic and type 2 diabetic participants had a higher BMI than lean control volunteers ( Table 1) . As expected, diabetic and obese nondiabetic participants were insulin resistant compared with lean, non-diabetic controls (p<0.05). Quantification of IRS-1 protein, based on the average peak area of the IRS-1 standard peptides, revealed no significant change of IRS-1 protein abundance in obese and type 2 diabetes muscle compared with the lean control (ESM Table 3 ).
IRS-1 serine and threonine phosphorylation analysis in human vastus lateralis muscle Participants underwent a 4 h euglycaemic, hyperinsulinaemic clamp as described in the Methods section, and biopsy specimens from vastus lateralis muscle were taken 1 h before insulin infusion (basal) and after both 1 and 4 h of insulin infusion. Tryptic digests of IRS-1 immunoprecipitated from muscle homogenates were analysed by targeted HPLC-ESI-MS to quantify IRS-1 phosphorylation under the various conditions, as previously described [23] .
We assigned 24 phosphorylation sites in IRS-1 from human muscle; 16 were quantifiable by the MS2/MS3-based MS technique (Table 2) . Ser303, Ser323, Ser527, Ser531, Ser1142 and Ser1145 are representative of the IRS-1 phosphorylation sites that were newly quantifiable as a result of using the MS2/MS3 fragment ion approach. Our previous study on IRS-1 phosphorylation from muscle could not quantify these phosphorylation sites [22] , because the different parent ions that share a phosphorylation site coelute as a mixture of singly phosphorylated peptides of the same mass ('isobaric'), rendering them indistinguishable during FTICR detection. Eight phosphorylation sites could not be quantified because of ambiguous peak areas (Ser892 and Ser1223), low abundance (Ser574 and Ser616), poor fragmentation (Ser1222) or uncertain residue identification relative to other phosphorylation sites within the same peptide (Ser307, Ser312 and Ser1143).
Effect of insulin on IRS-1 phosphorylation in lean, insulin-sensitive human muscle Of the 16 IRS-1 phosphorylation sites quantified in lean controls, six responded significantly to insulin treatment at either the +60 or +240 min time points (either increased or decreased): Ser348 (0.6 ± 0.1 vs basal, p≤0.01; +240 min), Thr446 (0.6±0. were three patterns: (1) acutely increased at +60 min (Ser527, Ser531 and Ser1142); (2) acutely suppressed at +60 min (Thr446); and (3) gradually suppressed upon +240 min of insulin infusion (Ser348 and Ser1100).
Elevated serine and threonine phosphorylation of IRS-1 in type 2 diabetic muscle Of the IRS-1 phosphorylation sites analysed in this study, Ser323 possessed significantly increased levels of phosphorylation in the type 2 diabetic muscle compared with the lean controls (Fig. 1) . Both Ser303 and Ser323 were hyperphosphorylated at every time point compared with the lean controls, although only Ser323 exhibited a significant increase (2.1±0.43, p≤0.05, fold change vs basal lean controls) (Fig. 1b) .
Hypophosphorylation of IRS-1 in obese and type 2 diabetic muscle In our previous study analysing IRS-1 phosphorylation in human muscle, Thr495 was discovered as a new, previously unidentified phosphorylation site. Further analysis of this site in this study led to the finding that phosphorylation of Thr495 was significantly suppressed in both obese (basal: 0.32±0.13, p≤0.05; 60 min: 0.26±0.07, p≤0.05; 240 min: 0.31±0.08, p≤0.01) and type 2 diabetic muscle (60 min: 0.36±0.05, p≤0.05; 240 min: 0.52±0.11, p≤0.05) compared with the lean controls, at all time points studied, with the exception of the type 2 diabetic basal (Fig. 2b) , revealing a potentially new mode of insulin resistance at the level of IRS-1 Ser/Thr phosphorylation.
Ser330 also exhibited significant hypophosphorylation in obese muscle (basal: 0.44±0.12, p≤0.05; 240 min: 0.37± 0.14, p≤0.05), although unlike Thr495 phosphorylation, Ser330 phosphorylation levels were similar in lean and type 2 diabetic muscle (Fig. 2a) .
Insulin effect on serine/threonine phosphorylation of IRS-1 in type 2 diabetic muscle Ser531 and Ser1142 of IRS-1 were found to undergo significant insulin stimulation in the lean participants, while Ser1100 phosphorylation was significantly suppressed (data and significance levels are shown in Table 3 ). Quantification of Ser531, Ser1100 and Ser1142 phosphorylation revealed that these IRS-1 phosphorylation sites did not significantly respond to insulin in the type 2 diabetic muscle (Fig. 3) relative to the lean Tryptic digests of IRS-1 immunoprecipitated from muscle homogenates were then analysed by targeted HPLC-ESI-MS in order to quantify IRS-1 phosphorylation (as described in the Methods section). The peak areas for the phosphopeptides were normalised against the average peak area (using precursor ions) for the seven representative IRS-1 peptides. Each IRS-1 phosphorylation site was normalised by the mean value of the respective basal sample and then expressed as a fold change over basal ±SEM (*p≤0.05; effect of insulin compared with the −60 min time point, within group; t test. **p≤0.05 compared with the same time against lean, between groups; ANOVA). T2D, type 2 diabetes controls, suggesting that, in addition to hyper-serine and hypo-threonine phosphorylation, IRS-1 serine/threonine phosphorylation can also fail to respond to insulin regulation or have a delayed response to insulin in the insulin-resistant state. Paradoxically, Ser348, Thr446 and Ser527, the other IRS-1 phosphorylation sites that were found to undergo significant insulin-induced changes in the lean controls, were not insulin resistant in the type 2 diabetic muscle, but rather, responded to insulin in the type 2 diabetic participants in a manner similar to that observed in the lean controls (Fig. 4) . The remainder of the IRS-1 phosphorylation sites studied (Ser629, Ser636, Ser1005, Ser1078, Ser1101 and Ser1145) were either unaffected by insulin treatment or not significantly different between the different groups (Fig. 5) . Quantification data for all IRS-1 phosphorylation sites can be found in ESM Table 2 .
Discussion
We set out to test whether the IRS-1 phosphorylation sites that can be quantified by our MS-based approach exhibit altered levels of phosphorylation, basally or during insulin infusion, in vastus lateralis muscle from type 2 diabetic participants compared with lean healthy and obese nondiabetic controls (see Fig. 6 for a summary of the study). The lean controls had significant insulin-induced increases (Ser527, Ser531 and Ser1142) and decreases (Ser348, Ser446 and Ser1100) in IRS-1 phosphorylation. As for the type 2 diabetic muscle, Ser323 (murine/rat Ser318) was the prominent, hyperphosphorylated site located near the N-terminal PTB domain of IRS-1, potentially phosphorylated by kinases (p70S6K, protein kinase C [PKC]ζ, c-Jun N-terminal kinase [JNK], PKCθ, inhibitor κB kinase [IKKβ] ) that can be activated by inducers of insulin resistance such as elevated NEFA and cytokines, or by hyperglycaemia [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . Ser323 phosphorylation has been proposed to play a role in the IRS-1 Ser/Thr phosphorylation negative feedback system [41] [42] [43] in which phosphorylation of specific IRS-1 Ser/Thr Experiments were performed identically to those described in Fig. 1 . *p≤0.05; **p≤0.01 compared with the same time against lean, between groups; ANOVA. T2D, type 2 diabetes sites increases upon termination of the insulin signal, acting to interfere with the continued association of IRS-1 with the IR. The increased Ser323 phosphorylation of IRS-1 observed in type 2 diabetes may contribute to insulin resistance by interfering with the insulin-stimulated IR-IRS-1 interaction [44] . Ser636 is a well-documented insulin-stimulated IRS-1 phosphorylation site [18, 45, 46] , and previous in vitro studies have suggested that Ser636 is hyperphosphorylated in models of insulin resistance. In our system, the tryptic peptide that contains Ser629 and Ser636 exists as a mixture of two monophosphorylated, non-coeluting, isobaric phosphopeptides, phosphorylated at either site. Unfortunately, detection of the phosphorylated peptides corresponding to either Ser629 or Ser636 was complicated by an early elution time during HPLC separation. The peaks used for quantification of pSer629 and pSer636 were very broad, and, at times, too broad to acquire a valid peak area value, which may explain the lack of significance observed for the quantification of either of these sites.
Even though our approach allows the simultaneous quantification of a number of phosphorylation sites, some limitations remain. One of the most confounding issues compromising the quantification of IRS-1 phosphorylation in vivo in muscle using this system is the high level of myosin protein located in close proximity to IRS-1 during the SDS-PAGE separation of the IRS-1 immunoprecipitates, as myosin non-specifically immunoprecipitates because of extremely high protein levels. This issue, combined with the low levels of IRS-1 phosphopeptides present in the sample and the heterogeneity between the human participants, may be partially responsible for the inconsistencies observed for quantification values. Another issue is the low fold change that IRS-1 Ser/Thr phosphorylation sites undergo upon insulin stimulation, a phenomenon we have also observed for IRS-1 phosphorylation in vitro, in a cell culture model [23] . We have quantified the phosphorylation of another insulin signalling protein in vitro, raptor, and unlike IRS-1, we observed twofold to fivefold changes in raptor phosphorylation upon insulin stimulation [47] , suggesting that the low fold changes in phosphorylation observed for IRS-1 are specific.
One of the more surprising findings was that Thr495 consistently had 40-50% lower phosphorylation in obese and type 2 diabetic muscle than lean controls, revealing that, in addition to hyper-Ser/Thr phosphorylation of IRS-1, hypophosphorylation may also be involved in compromised IRS-1 function in insulin resistance. This decreased phosphorylation at Thr495 may be due to overactivation of Ser/Thr phosphatases, improper localisation of IRS-1 relative to the Thr495 kinase, or decreased activity of the Thr495 kinase. Thr495 has only been recently identified as an IRS-1 phosphorylation site [22] , and, as a result, the kinase responsible for phosphorylating Thr495 and the role of this site in the regulation of IRS-1 function in insulin signal transduction is unknown. In our previous analysis of IRS-1 phosphorylation in muscle, we reported that insulin suppressed Thr495 phosphorylation in lean muscle from four participants. In the current study, the decrease in Thr495 phosphorylation in muscle from lean controls did not achieve significance, although a trend was present. The reason for this difference is not known.
Since the patients with type 2 diabetes were insulin resistant, we predicted that insulin-regulated phosphorylation of IRS-1 observed in the lean controls would be compromised. Paradoxically, however, the insulin-regulated phosphorylation pattern for Ser348, Thr446 and Ser527 Insulin-responsive IRS-1 phosphorylation sites in type 2 diabetic muscle in vivo. Experiments were performed identically with those described in Fig. 1 . *p≤0.05; **p≤0.01; effect of insulin compared with the −60 min time point, within group; t test. T2D, type 2 diabetes was similar in the type 2 diabetic patients and the lean controls. It is well known that the mitogen activated protein (MAP) kinase pathway is intact or increased in insulinresistant muscle in response to insulin [24] , and this pathway may be regulating these IRS-1 phosphorylation sites that behave normally in otherwise insulin-resistant muscle. This may be the case for Ser348 and Thr446, although insulin-stimulated Ser527 phosphorylation has been shown to be under the control of the PI3-K pathway in cultured cells [48] . Insulin-stimulated phosphorylation of IRS-1 at Ser527 (equivalent to Ser522 in the murine/rat sequence) in vitro has previously been reported [48] , and our data show that this site undergoes insulin-stimulated phosphorylation in vivo. The remaining IRS-1 phosphorylation sites that were significantly affected by insulin in the lean controls, Ser531, Ser1100 and Ser1142, did not respond significantly to insulin or had a delayed insulin response in the type 2 diabetic participants, indicating that these sites show insulin resistance, implying that there may be dysregulation of kinases or phosphatases for these sites. Little is known regarding IRS-1 phosphorylation at Ser531, Ser1100 and Ser1142, although the insulin-stimulated phosphorylation observed in the lean participants in the present study identifies these sites as novel, previously unreported insulin-regulated IRS-1 phosphorylation sites in human muscle. The observation that these sites show insulin resistance in patients who are insulin resistant in vivo suggests that these sites may play an important role in insulin signalling in vivo that has not been identified using cell culture and animal models. Insulin does not regulate the function of IRS-1 by phosphorylating one or two major sites, but rather controls IRS-1 by stimulating or suppressing a series of phosphorylation sites. The quantification of IRS-1 by MS allows the simultaneous analysis of multiple phosphorylation sites (16 in this case), providing a more comprehensive Experiments were performed identically with those described in Fig. 1 . T2D, type 2 diabetes understanding of the overall phosphorylation profile of IRS-1 in insulin action. Although this approach allows insight for the beginning of an understanding of comprehensive, global phosphorylation changes of IRS-1 in type 2 diabetes in vivo in human muscle, a complete picture is still lacking. Future work will aim to obtain complete coverage of IRS-1 by using a combination of different cleavage enzymes, improved MS instrumentation, and incorporation of MS4-based fragment ion quantification. These improvements would increase the number of IRS-1 phosphorylation sites quantifiable by this method and ultimately yield the complete IRS-1 phosphorylation profile. Only after this is achieved can we truly understand the functional relevance of the different phosphorylation patterns of IRS-1 in type 2 diabetes. In summary, the simultaneous characterisation of the effect of insulin on 16 IRS-1 Ser/Thr phosphorylation sites has resulted in the most comprehensive view of in vivo human muscle IRS-1 phosphorylation to date. We observed both hyper-and hypo-Ser/Thr phosphorylation of IRS-1 in type 2 diabetic muscle. Results from these studies shed new light on how IRS-1 is regulated by Ser/Thr phosphorylation, and how the pattern of IRS-1 phosphorylation becomes distorted in type 2 diabetes. Future studies will aim to understand potential negative feedback mechanisms involving IRS-1 Ser/Thr phosphorylation upon the termination of insulin action in vivo and how these mechanisms might possibly be altered in type 2 diabetic muscle.
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